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a b s t r a c t
Integrated multi-trophic aquaculture (IMTA) is an exciting alternative approach to mono-culture aquaculture
that reduces environmental impacts of commercial aquaculture systems by combining the cultivation of fed
aquaculture species (ﬁnﬁsh) with extractive aquaculture species (e.g., shellﬁsh and seaweed). This increases
the sustainability and proﬁtability of ﬁnﬁsh culture as the organic particulate wastes can be removed by the
shellﬁsh extractive component and dissolved inorganic nutrients are extracted by the seaweed component.
Shellﬁsh play a critical role in an IMTA system by extracting particulate bound organic nutrients; however
they may also inﬂuence pathogen dynamics by serving as a reservoir or as a barrier for ﬁnﬁsh pathogens,
depending on pathogen physiologies. The sea louse, Lepeophtheirus salmonis, has recently made a spectacular
comeback as a major parasitic pest of farmed Atlantic salmon (Salmo salar L.) in the Northeast of the United
States. The re-emergence of this parasite is due to development of louse resistance to SLICE™, the drug of
choice for treating L. salmonis infestations over the last decade. Incorporation of mussel crops on salmon
farms may be an alternative method to reduce the infectious pressure of sea lice on farms if mussels can
consume copepodids, the planktonic and infectious stage of sea lice. Our study demonstrated that mussels can
remove copepodids from the water column. Individual mussels were exposed to copepodids (200 copepodids
l−1) for 30- and 60-min durations. Copepodids were observed in the buccal cavity and in stomach contents.
Molecular analyses conﬁrmed the presence of copepodids in mussel stomach contents.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The sea louse, Lepeophtheirus salmonis, Kröyer 1837, has recently
made a comeback as a major parasitic pest of farmed salmon in the
Northeastern United States. It is now considered a major economic
threat to commercial Atlantic salmon (Salmo salar L.) culture in the
North Atlantic. One of the main reasons for the re-emergence of this
parasite is the development of louse resistance to SLICE™, the drug of
choice for treating L. salmonis infestations over the last decade.
The life cycle of the sea louse consists of two planktonic nauplii
stages (Johannessen 1978, Johnson & Albright 1991a, b), the infective
copepodid stage and seven stages completed on the host (Johnson &
Albright 1991a, b, Pike & Wadsworth 1999). To date all control
measures developed to ﬁght sea lice have targeted one or more of the
stages on the host salmonid. Most treatments involve chemotheraputants of various types; however farmers in northern Europe also
use several native species of wrasse as a biological control (Roth 2000,
Treasurer 2002). In North America management control measures
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have been limited to one or two available chemotheraputants, and
reducing ﬁsh densities. Our research group proposes an alternative for
lice management with the hypothesis that incorporation of mussel
crops on salmon farms may reduce the infectious pressure of sea lice
on farms if mussels can consume copepodids.
On the eastern coast of North America salmon farmers are
exploring an integrated multi-trophic aquaculture (IMTA) approach
that incorporates culture systems for suspended blue mussels
(Mytilus edulis) and various kelps at sites with net pen culture of
Atlantic salmon. IMTA is an exciting alternative approach to monoculture aquaculture that reduces environmental impacts of commercial aquaculture systems while increasing sustainability, proﬁtability
and public acceptance (Ridler et al. 2007). By combining the
cultivation of fed aquaculture species (ﬁnﬁsh) with extractive
aquaculture species (e.g., shellﬁsh and seaweed) organic particulate
wastes such as uneaten ﬁsh food are removed by the shellﬁsh
extractive component and dissolved inorganic nutrients are extracted
by the seaweed component (Troell et al. 2003). Our research group
has been focusing on disease dynamics on an IMTA farm using a
simpliﬁed model consisting of ﬁnﬁsh and mussels co-cultured on the
same site.
This study was conducted to determine if mussels ingest sea lice
copepodids therefore possibly having the potential to reduce
infectious pressure of the sea louse on integrated salmon and mussel
farms. Mussels were exposed to known numbers of copepodids for
30- and 60-min durations after which ingestion was conﬁrmed by
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observations of copepodids in mussel stomach content and molecular
analysis of mussel stomach contents.

CA) using the following thermal proﬁle: 45 °C for 2 min, 95 °C for
10 min followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min.

2. Materials and methods

3. Results

2.1. Sea lice and mussel maintenance

The mean cycle threshold (CT) values for samples spiked with 1, 5,
10, 15 and 20 copepodids are presented in Table 1. The CT values
decrease in a linear fashion with increasing numbers of copepodids
added to the sample until 15 or more copepodids are added. The CT
values associated with 15 (24.72) and 20 (24.36) copepodids were
higher than the predicted CT values (23.3 and 21.5 respectively).
The number of free-swimming copepodids remaining after each
ﬁlter feeding experiment is presented in Table 2. After 30 min, 87–98
free-swimming copepodids remained in the beakers of mussel
numbers 2–5. There were 59 remaining copepodids in seawater
samples from mussel numbers 1 and 6; however these counts may be
underestimated since small amounts of water from both samples
were spilled during processing. After 60 min, 38–100 free-swimming
copepodids remained in seawater samples from mussel numbers 7–
10. The average numbers of free-swimming copepodids in the control
beakers for the 30- and 60-min ﬁlter feeding experiments were 99
(n = 5) and 98.5 (n = 2).
Mussels ingest copepodids in the presence of algae within 30–
60 min of exposure to 200 copepodids l−1. Copepodids were observed
in the interior of all 5 mussels exposed to copepodids for 30 min
(Table 2). In mussel numbers 1 and 5, 1–2 copepodids respectively,
were observed in the stomach contents. Copepodids were also
observed on the gills, in the buccal cavity, on the interior of the
mantle or on the foot. Copepodids were observed in the pseudofeces
of two mussels exposed for 30 min. qPCR assays targeting the mtCOI
gene of L. salmonis, conﬁrmed the presence of copepodids in the
stomach contents (Table 1). CT values of 28.05 and 25.58 resulted
from qPCR assays performed on DNA isolated from stomach contents
from mussel numbers 1 and 5 respectively. Similar CT values resulted
from qPCR assays performed on DNA isolated from mussel stomach
contents spiked with 1 and 10 copepodids (28.27 and 25.05).
After 60 min exposure to 200 copepodids l−1, 4 out of 5 mussels
ingested copepodids (Table 2). Copepodids were observed in the
stomach contents of mussel numbers 7, 8 and 9. A large aggregate of
stained copepodids was observed at the end of the crystal stylus of
mussel number 9. Because it was difﬁcult to determine the number of
copepodids in the aggregate, an estimation of 10–15 copepodids was
made. The CT value (24.93) that resulted from qPCR analysis of this
stomach content sample correlated with the CT values that resulted
from qPCR analysis of mussel stomach contents spiked with 10–15

Mussels were obtained from a local commercial mussel farmer and
placed in a re-circulating system containing artiﬁcial sea water (ASW)
(Crystal Seas Marine Mix) (Marine Enterprises, Baltimore, MD)
maintained at 10 °C. They were fed a commercial algae paste
containing a mix of species (Innovative Aquaculture, Starter Formula).
Sea lice were hatched from egg strings collected from an infected
commercial Atlantic salmon farm in Maine. The egg strings were
hatched and the nauplii were reared to the copepodid stage in a
system similar to that described by Pietrak & Opitz (2004). The system
was modiﬁed to have three ﬂoating egg containers (8 inches by 4 inch
diameter). The egg containers were suspended in a 165 L system with
natural seawater at 12 °C.
2.2. Mussel exposures to Lepeophtheirus salmonis
Sea lice larvae were stained for 1 h in 1 L of 12 °C aerated ASW
containing 0.015 g of neutral red (Anstensrud 1989, 1990). Stained
sea lice were examined under a dissecting scope for viability and life
stage before being counted. In sea lice only treatments (n = 7),
beakers contained 0.5 L of seawater, 105 cells/ml algae, and 100
copepodids (200 copepodids l−1). For mussel and sea lice treatments
(n = 10), individual mussels of similar size were placed in 10 replicate
1-L beakers containing 0.5 L of aerated 12 °C ASW, 105 cells/ml algae,
and 100 copepodids. Mussels were exposed to sea lice copepodids for
30 min (n = 5) or 60 min (n = 5) after each mussel began ﬁltering
seawater. Immediately after removing mussels from beakers, an
incision was made in the stomach and stomach contents were
removed with a sterile Pasteur pipette. Stomach contents were
examined for the presence of stained copepodids then processed for
DNA isolation. The number of copepodids in the interior of the mussel,
in the feces and pseudofeces was determined visually. The freeswimming copepodids remaining in each beaker were removed from
the seawater using a 100-μm cell strainer and transferred to a petri
dish containing 100% ethanol before counting.
The stomach contents were removed from 6 additional mussels
after 30 min in 0.5 L of seawater containing 105 cells/ml algae but
without copepodids. These samples were spiked with 0, 1, 5 10, 15 or
20 stained copepodids and processed for DNA isolation. A one-way
ANOVA analysis with an alpha level of 0.05 was performed to
determine that there was no signiﬁcant difference in shell length (cm)
between mussels used in each experiment (F = 0, p = 1.0).
2.3. DNA isolation and qPCR detection of L. salmonis
Mussel stomach content samples were incubated overnight at
55 °C in ATL buffer (Qiagen, Valencia, CA) containing proteinase K
(2 mg/ml) (Qiagen). DNA was extracted from mussel stomach
contents using the DNeasy Blood and Tissue kit (Qiagen) according
to the manufacturer's recommendations. DNA concentrations ranged
from 31.4 ng/μl to 467.4 ng/μl with all but two samples being greater
than 100 ng/μl. Lysates of 1, 5 and 10 copepodids were prepared for
quantitative PCR (qPCR) positive controls according to McBeath et al.
(2006). qPCR detection of the mitochondrial cytochrome oxygenase I
(mtCOI) gene speciﬁc to L. salmonis was carried out according to
McBeath et al. (2006). Brieﬂy, 1 μl of DNA samples diluted 10-fold
were added to triplicate 20-μl real-time PCR reactions containing 1×
Perfecta qPCR Supermix (Quanta Biosciences, Gaithersburg, MD), 900
nM of each primer and 200 nM of Taqman® probe. qPCR assays were
performed in the MX4000 detection system (Stratagene, Santa Clara,

Table 1
Cycle threshhold (CT) values resulting from qPCR analysis of DNA isolated from mussel
stomach contents.
Mussel
sample

Duration of
experiment (min)

Observed
copepodids in gut

Average CT
value

1
2
3
4
5
6
7
8
9
10
Control
Control
Control
Control
Control
Control

30
30
30
30
30
60
60
60
60
60

1
0
0
0
2
0
9
2
10–15
0
0
1
5
10
15
20

28.05
No CT
No CT
No CT
25.58
28.46
31.34
27.14
24.93
43.39
No CT
28.27
27.12
25.05
24.72
24.36

a

mussela
mussela
mussela
mussela
mussela
mussela

Copepodids added to stomach content samples.
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Table 2
Number of copepodids observed free-swimming in the water and within mussels after
30- and 60-min exposures.
Number of observed copepodids
Mussel
sample

Duration of
FreePseudofeces Total Observed Gut
experiment (min) swimming
Ingesteda

1
2
3
4
5
Control
(n = 5)
6
7
8
9
10
Control
(n = 2)

30
30
30
30
30
30

59b
87
98
96
92
99c

3
0
0
2
0
-

-

-

60
60
60
60
60
60

b

0
0
0
0
0
–

2
11
2
20–25
0
–

0
9
2
10–15
0
–

a
b
c

59
38
103
40
100
98.5c

5
2
3
4
2

1
0
0
0
2

Total number of observed copepodids in gut, gill, mantle, buccal cavity, or on foot.
Sample loss due to spill.
Average number of copepodids.

copepodids (25.05 and 24.72). In the stomach contents of mussel
number 7, 9 copepodids were observed; however the resulting CT
value from qPCR analysis (31.24) was higher than the CT values
associated with only one copepodid, indicating a problem with this
sample. The concentration of DNA isolated from the stomach contents
of mussel number 9 (31.4 ng/μl) was much lower compared to that of
other samples. Quantitative PCR assays performed on stomach
content DNA from mussels receiving the no-copepodid treatment
were negative.
4. Discussion
Incorporation of mussel crops on salmon farms may be an
alternative method to reduce the infectious pressure of sea lice on
farms if mussels can consume copepodids. Our study demonstrated
that mussels do ingest the copepodid stage of sea lice. Copepodids
were observed on mussel structures such as the gills, foot, and mantle
and in the mussel stomach contents after 30- and 60-min ﬁlter
feeding experiments (Table 2). Further, the presence of copepodids in
the mussel stomach contents was conﬁrmed by qPCR targeting a
mtCOI sequence that is speciﬁc to L. salmonis (Table 1).
The CT values resulting from spiked samples decreased in a linear
fashion with increasing numbers of copepodids added to the sample.
The sample spiked with 10 copepodids resulted in a CT value (25.05)
that is nearly 3.3 cycles less than that of the sample spiked with 1
copepodid (28.27). This is the expected decrease in CT value for qPCR
carried out with 100% efﬁciency on 10-fold dilutions of the DNA
template. However, samples receiving greater than 10 copepodids
were associated with higher CT values than expected. Although qPCR
was carried out on 10-fold dilutions of the original DNA samples,
these samples may have still contained PCR inhibitors. An endogenous
positive control was not used in these reactions as in McBeath et al.
and therefore there was no way of detecting PCR inhibition (McBeath
et al. 2006).
qPCR consistently detected copepodids in every mussel stomach
content sample, in which copepodids were observed. In the case of
mussel number 6, qPCR resulted in a CT value that indicated at least 1
copepodid was present in the stomach content sample, although no
copepodids were observed in this sample. CT values associated with
DNA samples from mussel numbers 1, 8 and 9 (28.05, 27.14 and
29.43) correlated well with CT values associated with stomach
content samples spiked with 1, 5 and 10 copepodids (28.27, 28.12
and 25.05). CT values associated with stomach content samples from
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mussel numbers 5 and 7 did not correlate well with CT values from
spiked stomach content samples. Two copepodids were observed in
the stomach content sample of mussel number 5, however the CT
value, 25.58 was lower than the CT value associated with 5
copepodids added to control stomach content samples (27.12). It is
possible that more than 2 copepodids were present in the sample
number 5 but were unobserved. The CT value that resulted from qPCR
performed on DNA isolated from mussel number 9 (31.34) was too
high for the 9 observed copepodids in the sample. The concentration
of DNA of this sample was much lower than that of all the other DNA
samples and it is possible that an inefﬁcient DNA extraction resulted
in the increased PCR cycles necessary for detection. The qPCR assay
provides a more sensitive method for detecting copepodids in mussel
stomach contents. Copepodids were detected by qPCR in all samples
in which copepodids were observed and in samples in which no
copepodids were observed. Copepodids may be more difﬁcult to
recognize in stomach contents after digestion begins. qPCR performed
on the spiked stomach content samples provides at best an estimate of
1, greater than 1, or greater than 10 copepodids present in a sample.
Only 4 out of the 5 mussels in the 60-min exposure ingested
copepodids and the range of observed, ingested copepodids ranged
from 2 to more than 20 copepodids. Time for each ﬁlter feeding
experiment was begun when the mussel was observed to open and
begin ﬁltering. It is possible that some mussels may have opened for
respiration and had not started feeding until partially through the
allotted time. This might explain some of the variation in the number
of copepodids ingested among the mussels, particularly in the 60-min
experiment. Mussel number 10 was observed ﬁltering water;
however did not ingest any of the 100 copepodids. It is probable
that mussel number 10 was not feeding during the experiment,
despite the addition of algae to the beaker.
The number of free-swimming copepodids remaining in the
beaker after removal of the mussel, in some cases, exceeded the
expected total number of copepodids of 100 (mussel numbers 3, 4,
and 8). It is likely that an error was made in counting the live
copepodids and more than 100 copepodids were placed in the beaker
prior to adding the mussel. The remaining number of free-swimming
copepodids in beakers of mussel numbers 1, 2, 6, 7, and 9 were lower
than expected given the number of copepodids observed inside the
mussel (Table 2). Some of the unaccounted copepodids for mussel
numbers 1 and 6 may be due to spillage of seawater samples during
the counting process. However large losses of free-swimming
copepodids were observed in the seawater samples from mussel
numbers 2, 7 and 9 (Table 2) where no sample loss occurred. The
number of free-swimming copepodids in control beakers incubated
without mussels for 30- and 60-min durations had losses of
copepodids no greater than 2 copepodids indicating that the counting
methods pre- and post experiment are not likely responsible for such
high losses. While it is possible that small errors during counting
occurred, the high number of unaccounted copepodids, as many as 51,
is likely due to ingestion by the mussels. These copepodids may have
been further along in the digestive system, beyond the stomach, and
therefore were not observed.
It is not surprising that mussels feed on sea lice copepodids. While
mussels are known to ingest phytoplankton they also take up large
numbers of micro- and mesozooplankton, including crustaceans
(Davenport et al. 2000). Davenport et al. demonstrated 90% uptake
of Artemia nauplii (300 μm) and 46% uptake of the adult copepod
Tigriopus brevicornis (1 mm) by mussels. The size of the copepodid
(780–830 μm) falls within the size range of the crustaceans used in
the mussel ﬁlter feeding experiments carried out by Davenport et al.
(2000) (Schram 2004).
Our study clearly demonstrated that mussels are capable of
removing sea lice copepodids from the water column. While it is
encouraging that mussels feed on the copepodid stage of the sea louse,
it is not yet known whether mussels have the potential to remove and
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inactivate free-swimming sea lice at a rate and quantity sufﬁcient to
decrease sea lice density at a farm site. Laboratory trials and ﬁeld trials
that include mussels, salmon and sea lice will be necessary to
determine if the co-culture of mussels may be used as a new disease
management strategy for sea lice.
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